Stimulation of the mammalian immune system by administration of plasmid DNA has been shown to be an important approach for vaccine development against several pathogens. In the present study we investigated the use of DNA vaccines to induce immune responses against an enteric bacterial pathogen, enterotoxigenic Escherichia coli (ETEC). Three plasmid vectors encoding colonization factor antigen I (CFA/I), an ETEC fimbrial adhesin, were constructed. Eukaryotic cells transfected with each of these plasmids expressed the heterologous antigen in different compartments: bound to the cytoplasmic membrane (pRECFA), accumulated in the cytoplasm (pPolyCFA) or secreted to the outside medium (pBLCFA). BALB/c mice were intramuscularly (im) inoculated with purified plasmid DNA and the systemic, cellular and secreted CFA/I-specific immune responses were analyzed. The results showed that all three DNA vaccine formulations could elicit CFA/I-specific immune responses. Moreover, cellular location of the plasmid-encoded CFA/I seems to have an important role in the induced immune response. Taken together, these results indicate that DNA vaccines also represent a promising approach against enteric bacterial pathogens.
Introduction
Injection of naked DNA encoding specific antigens has been acknowledged as an efficient procedure to present antigens to the mammalian immune system, leading to strong humoral and cellular immune responses (1) . DNA vaccines also represent a useful technique to study the antibody responses against a large number of virus-, parasite-and bacterium-derived antigens (2) (3) (4) (5) (6) . Nonetheless, development of DNA vaccines against enteric bacterial pathogens has not been reported. Enterotoxigenic Escherichia coli (ETEC) is an important cause of diarrhea in children in developing countries and travelers visiting such areas (7) . In fact, this pathogen has been recently identified by the World Health Organization (WHO) as one of the target enteric pathogens to be controlled by vaccination (8) . Essential virulence factors in ETEC pathogenesis include production of enterotoxins and colonization factor antigens (CFAs), which allow the bacteria to attach to and colonize the apical surface of the small intestine epithelial cells (9) . CFA/ I is one of the most frequently found CFAs in epidemiological studies and also one of the best characterized at the molecular level. It presents a rigid fimbrial structure composed of several copies of a single protein subunit of 15 kDa, endowed with both structural and adhesive roles (10) .
In this work we cloned the CFA/I-encoding gene, cfaB, in three distinct plasmids under the control of eukaryotic cell promoters. Each plasmid drove the expression of the recombinant CFA/I to different compartments of transfected cells and could induce CFA/I-specific immune responses. The results showed that DNA vaccines can also be used to engender immune responses against antigens derived from enteric bacterial pathogens and represent, therefore, a potential vaccine approach against ETEC-associated diarrhea.
Material and Methods

Plasmids, bacterial strains and culture conditions
Three eukaryotic cell expression vectors were used to clone the cfaB gene of ETEC. pRE4 was kindly supplied by Dr. G. Cohen (Pennsylvania University, Philadelphia, PA, USA); pkCMVintBL and pkCMVintPoly were obtained from Vical (Vical Inc., San Diego, CA, USA). The ETEC strain 4011-1 (CFA/I, O153:H45, ST) was isolated from a diarrheic child in São Paulo, Brazil, and used as the source of the cfaB gene (11) . ETEC strains 258909-3 (CFA/I, O128:H?, ST/LT) and the corresponding CFA/I-negative mutant 258909-3M (12) were used in assays of hemagglutination inhibition. Plasmid amplifications were carried out with the E. coli CS1 strain grown in LB medium at 37 o C under aeration.
Plasmid constructions
A PCR-amplified fragment containing the cfaB gene was digested with SmaI and ApaI and ligated to the larger fragment of PvuIIApaI double-digested pRE4 (Figure 1 ). Recombinant plasmids were confirmed by restricion endonuclease mapping and DNA sequencing. One recombinant plasmid, pRECFA, encoded the CFA/I protein fused with the glycoprotein D from herpes simplex virus type 1 (HSV gD1) under the control of the Rous sarcoma virus (RSV) promoter (13) . The signal sequence and hydrophobic transmembrane stretch of HSV gD1 (14) served ) for SmaI and ApaI, respectively, were used to amplify a synthetic gene encoding the mature CFA/I subunit (cfaB). The pRE4 was digested with PvuII and ApaI restriction enzymes and the internal 650-bp fragment of the HSV gD1-encoding gene was removed. The cfaB gene, obtained after cleavage of the PCR-generated fragment with SmaI and ApaI, was then cloned in frame with the remaining HSV gD1-encoding gene. The original PvuII site of pRE4 was lost during the construction of the recombinant plasmid (marked by brackets). The encoded hybrid protein contained the signal peptide, the first 27 N-terminal and the last 71 C-terminal amino acids of the HSV gD1 protein besides the complete amino acid sequence of the CFA/I subunit (147 amino acids). RSV, Rous sarcoma virus; LTR, long terminal repeats.
DNA vaccines against enterotoxigenic E. coli
to target the hybrid gene product to the cytoplasmic membrane of transfected cells (13) . pBLCFA was constructed following ligation of a cfaB-containing PCR fragment with the larger fragment of BamHI/BglII double-digested pKCMVintBL ( Figure 2 ). Recombinants were confirmed by restriction endonuclease mapping and DNA sequencing. One recombinant plasmid, pBLCFA, containing the cfaB gene fused to the human tissue plasminogen activator (TPA) signal sequence (15) under the control of the human cytomegalovirus (CMV) immediate-early promoter was selected for further study. The TPA signal sequence targeted the hybrid CFA/I protein to the extracellular space of transfected eukaryotic cells (data to be published elsewhere). The third recombinant plasmid, pPolyCFA, was obtained after cloning the cfaB gene into the polylinker site of pkCMVintPoly, using the same cloning strategy as used for pBLCFA construction (Figure 3 ). pPolyCFA also expressed the cfaB gene under control of the CMV immediateearly promoter but the protein was targeted to the cytoplasm of mammalian cells (data to be published elsewhere). The recombinant plasmids were purified by two equilibrium density CsCl gradient centrifugations, sterilized by ethanol purification, suspended in sterile phosphate-buffered saline (PBS) and stored at -20 o C until use. DNA concentrations were determined at A260 nm and by visual inspection of ethidium bromidestained agarose gels using DNA fragments of known concentration.
Immunization protocol and analysis of the immune responses
Four to 6-week-old male BALB/c mice were injected im in each hind limb tibialis anterior muscle with 50 µg of plasmid DNA dissolved in 50 µl of PBS (100 µg per mouse) using 27-gauge needles. Immunizations were repeated 2 weeks later using the same dose and inoculation procedure. Mice were bled by retro-orbital puncture before and 2 weeks after the second immunization. Secreted IgA responses were evaluated in fecal extracts and small intestinal homogenates, as previously described (16) . Enzyme-linked immunosorbent assays (ELISA) with heat-denatured CFA/I subunits as solid-phase bound antigen were used to analyze sera, fecal extracts or intestinal homogenates of immunized mice. MaxiSorp plates (Nunc) were coated with 0.1 µg of CFA/I suspended in PBS for 1 h at 37 o C, and blocked overnight with 2% (w/v) skim milk in PBS-0.05% Tween 20 (PBS-T), and reacted with serial dilutions of sera or extracts for 1 h at 37 o C. Diluted rabbit anti-mouse IgG or IgA-horseradish peroxidase conjugates (Sigma), used as secondary antibodies, were added to the wells and incubated for 1 h at 37 o C. The reactions were developed with ortho-phenylenediamine hydrochloride (Sigma) and H 2 O 2 as substrate. Delayed-type hypersensitivity (DTH) responses were detected in mice injected in the right and left footpad with 10 µg of the CFA/I protein and PBS, respectively. The thickness of each footpad was measured 24 and 48 h after injection. Mice were then sacrificed and draining lymph nodes (pulpliteo) withdrawn and weighed on an analytical balance.
Inhibition of hemagglutination assays
Inhibition of hemagglutination (IHA) assays were carried out with ETEC cells (strains 258909-3 or 258909-3M) suspended in PBS containing 0.5% D-mannose and human group A erythrocytes (2%), as previously described (13) . Sera from DNA-vaccinated mice were incubated with the indicator ETEC strains for 10 min at room temperature before addition of the red blood cells. Sera from mice immunized with purified CFA/I fimbriae were used as a positive control.
Results and Discussion
A summary of the CFA/I-specific immune responses elicited in BALB/c mice immunized with pRECFA, pBLCFA or pPolyCFA is presented in Table 1 . Mice injected with one or two 100-µg doses of pRECFA developed a homogeneous and reproducible serum antibody response against the CFA/I subunit. The CFA/I-specific IgG titers attained maximal values (average of log 10 3.5 in mice immunized once and log 10 4.05 in mice immunized with two doses) between 2 and 4 weeks after DNA injection. Nonetheless, sera from mice immunized with pRECFA did not inhibit the adhesive properties of intact CFA/I fimbriae expressed on ETEC cells, as evaluated in IHA assays. Therefore, epitope specificity of pRECFAinduced CFA/I-specific antibodies does not afford appropriate recognition of the fimbrial adhesive domain. Since there is a good correlation between the IHA test and the ability of CFA/I-expressing ETEC cells to bind human enterocyte receptors, the pRECFA-induced antibodies may not be effective against gut colonization by CFA/I + -ETEC cells. The epitope specificity of pRECFA-induced antibodies probably reflects the structure of the recombinant hybrid protein expressed by transfected cells. Under such new conformation (membrane bound and fused to HSV gD1 protein), conformational epitopes found on the native protein would be lost and only linear epitopes would be available for the generation of CFA/I-specific antibodies. In accordance ) for BamHI and BglII, respectively, were used to amplify a synthetic gene encoding the mature CFA/I subunit (cfaB). pkCMVintPoly was digested with such enzymes, as well as the PCR-generated cfaB gene fragment. The resulting cfaB gene was cloned in the pkCMVintPoly polylinker region. HCMV, Human cytomegalovirus.
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with this hypothesis, pRECFA-induced antibodies recognized denatured ETEC fimbriae, such as CS1, CS4, and PCFO166, sharing significant amino acid homologies with CFA/ I in regions which are not exposed on the surface of intact fimbriae (13) . Mice inoculated with pBLCFA presented a heterogeneous serum antibody response. Those immunized once showed low CFA/Ispecific antibody levels (titer of log 10 2, average of positive animals) but a second DNA dose elicited a systemic CFA/I-specific antibody response in most animals, although with a rather larger titer range (average of log 10 5.2 ± 2 in IgG-ELISA) (data not shown). Similar results were also observed with other DNA vaccines, in which more than one dose was required for full induction of an antibody response, probably due to the reduced number of transfected cells (2, 4, 5) . In contrast to the antibodies induced by pRECFA, serum antibodies raised against pBLCFAencoded CFA/I inhibited the binding properties of intact CFA/I fimbriae (Table 1) . Such results suggest that conformational epitopes similar to those found on native CFA/I fimbriae were preserved on the recombinant CFA/I protein encoded by pBLCFA. Supposedly the secretion of CFA/I subunits into the surrounding medium can restore at least part of the conformation and, therefore, epitopes of intact fimbriae expressed by bacterial cells.
Mice immunized with pPolyCFA were not able to elicit a systemic CFA/I-specific antibody response. None of the animals inoculated with one or two DNA doses developed antibody responses against intact or dissociated CFA/I fimbriae ( Table 1) . The in vitro expression of CFA/I protein by pPolyCFA-transfected mammalian cells revealed that the recombinant protein is accumulated intracellularly (data not shown). Thus, the intracellular location of pPolyCFAencoded CFA/I does not seem to contribute to an efficient activation of antibody-producing cells. All three CFA/I-encoding vectors were proficient in the activation of the cellular immune response in vaccinated mice, as evaluated in DTH tests. Lymph nodes withdrawn from all immunized mice were three to four times heavier than those removed from limbs injected with PBS. Taken together, these observations demonstrate that systemic and cellular immune responses induced by DNA vaccines encoding the same antigen may differ according to the expression vector used. Production of a specific antibody response induced by DNA immunization, in contrast to the cellular response evaluated by DTH, seems to depend on the cellular location of the encoded antigen. It seems that, at least in the case of the vectors used to express CFA/I, the encoded protein should become available to antigen-presenting cells either anchored to the cytoplasmic membrane (as the recombinant protein encoded by pRECFA), or secreted into the extracellular environment (as the antigen encoded by pBLCFA). The present results support previous observations that immunization with plasmid DNA encoding intracellularly located proteins does not efficiently promote antigen-specific antibody responses (17, 18) . In fact most DNA vaccines which engendered good antibody responses seemed to encode surface-located or secreted antigens (2, (19) (20) (21) , although exceptions can occur (1, 22) .
None of the vectors tested was able to induce CFA/I-specific IgA responses in the gut mucosa or in fecal extracts from vaccinated mice (Table 1) . It is well known that an effective immunization against an enteric bacterial pathogen such as ETEC requires the induction and secretion of mucosal antibodies (sIgA) (9); thus, parenteral inoculation of DNA vaccines does not seem to represent an appropriate route for the induction of mucosal sIgA responses. Alternative inoculation routes such as oral delivery of live attenuated Shigella or Salmonella strains carrying DNA vaccine plasmid vectors seem to represent promising alternatives to stimulate the mucosal immune system (23, 24) . Moreover, recent observations indicate that coadministration of purified plasmids expressing specific cytokines can help to stimulate sIgA production against antigens encoded by DNA vaccines (25) . Therefore, testing alternative inoculation routes or immunization strategies would be of interest to fully evaluate the efficacy of DNA vaccines against ETEC.
